The flow-field design of Direct Methanol Fuel Cells (DMFCs) is an important subject about the DMFCs performance. Flow-fields play an important role on ability to transport fuel and drive out the products (H 2 O, CO 2 ). In general, most of fuel cells utilize the same structure of flowfield for both anode and cathode. The popular flow-fields used for DMFCs are parallel and grid designs. Nevertheless, the characteristics of reactants and products are entirely different in anode and cathode of DMFCs. Therefore; the influences of the flow-fields designs on the cell performance were investigated due to the same logic for catalyst used for cathode and anode differently. To get the better and more stable performance of DMFC, three flow-fields (Parallel, Grid and Serpentine) are utilized with different combination were studied in this research. As a consequence, by using parallel flow-field in anode side and serpentine flow -field in cathode, the most and highest power output was obtained.
INTRODUCTION
Most of the world energy requirements are presently addressed by burning fossil fuels in low efficiency thermal processes. Related consequences in terms of atmospheric pollution, global warming, green house effect etc. are the objects of many debates between developed countries that are searching for a common legislation to properly restrict the polluting emissions and protect the environment.
Transportation represents a significant portion of world energy consumption and contributes considerably to the atmospheric pollution. Although modern cars emit a lower amount of toxic gases and particulate than their older predecessors, their increasing number result in growing levels of pollution from transportation sources. Reduced levels of transportation related pollution might be achieved by replacing a significant number of internal combustion engine vehicles with electric cars in the near future. In this regard, polymer electrolyte fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs) have been envisaged as suitable power sources for electric cars. DMFCs that directly employ methanol as fuel have good potentialities since they eliminate the need of a complex reformer unit in the system [1] . Furthermore, since methanol is fed with large amount of water to the anode it also avoids complex humidification and thermal management problems associated to PEMFCs. DMFCs have achieved significant levels of performance in the last years [2] [3] [4] [5] [6] [7] . In a DMFC, methanol is oxidized at the anode and oxygen is reduced at the cathode. Carbon dioxide (CO2) and water are produced according to the following electrochemical half-reactions:
Which can be combined to give the overall reaction as:
Thus, the overall cell reaction is the electro-oxidation of methanol to CO 2 and water. Apparently, all the reaction products, gas CO 2 at the anode and liquid water at the cathode, should be removed from the electrode structure and cell as efficiently as possible to maintain an effective continuous reaction. Like the water management at the cathode, the efficient removal of CO 2 at the anode is one of the most important research issues in the development of DMFCs.
Various technical approaches have contributed to the improvement of the electrochemical characteristics. These mainly concern the choice of thin film, highly conductive membranes, which also allow the operation of fuel cells at temperatures close or above 100 and the development of highly active anodic catalysts [2, 7] . In this regard, an increase of fuel cell temperature produces a corresponding enhancement of the methanol reaction kinetics, which compensates for the electrochemical losses due to increased methanol crossover across the membrane. Among the various catalysts investigated for the methanol electro-oxidation [8, 9] , the unsupported or high metal concentration carbon-supported anode Pt-Ru system shows significant advantages since the high intrinsic catalytic activity of such a bi-functional catalyst can be combined with a high active surface area [7] . Different to that of anode, high metal concentration carbon-supported or unsupported Pt black were used as catalysts due to different reaction taking place on the cathode. These materials allow the fabrication of catalytic layers with a small thickness, thus, favoring the diffusion of reactants to the catalytic sites [2] . The reduction of kinetic and ohmic limitations at high operation temperatures determines an increase of the influence of mass-transport limitations to the polarization characteristics.
To ensure free access for reactants to the electrodes especially at high current density, products have to be removed from the active area and out of the cell. This removal is achieved via diffusion layers and flow channels manufactured into plates. The main tasks of these flow-field plates are to act as current-collectors and to guarantee distribution of fuel or oxygen over the reaction surface area as well as removal of products from the cell. Nowadays, a few investigations have been extended to the reactant flow fields [10] [11] [12] [13] . Currently, symmetrically grid, serpentine and parallel flow-fields (GFFs, SFFs, PFFs) are mainly used for both anode and cathode to facilitate mass transport to and from the active area. Due to long channels, serpentine flow-fields feature high pressure drops between the inlet and the outlet. These result in large parasitic energy demands. Especially in the case of small, portable fuel-cell systems, the energy required to transport the fluids should be as small as possible. Flow-fields with grid and parallel channels exhibit lower pressure differences, but inhomogeneous reactant gas-distribution can easily occur. Products of the electrochemical reactions like water and carbon dioxide can clog single channels as visualized in [14, 15] and parts of the active area are bypassed. Recently, a different approach for the flow of reactants and products inside the electrode structure, i.e. an interdigitated design, was proposed by Nguyen [10] for PEMFCs. In practice, the reactant gases are forced to enter into the electrode pores and exit from them under a dead-ended. As pointed out by Nguyen [10] , the flow through the electrode, in the presence of the interdigitated design, is no more governed by diffusion but becomes convective in nature. This particular design was especially proved to be effective for H 2 -O 2 PEMFCs in order to avoid the water flooding problem at the cathode and to facilitate the removal of inert nitrogen molecules [11] [12] [13] , which accumulate in the catalyst pores producing a diffusion barrier. Due to convective flow in nature, interdigitated flow-fields feature even higher pressure drops than that of serpentine flow-fields and will result in larger parasitic energy demands. Therefore, the interdigitated flow-fields has never been utilized as flowfield for even more complex system such as DMFC and PEMFC stack.
Based on the same logic for catalyst consideration for anode and cathode, the purpose of this work is to prove that the DMFC performance will prove to be much stable and higher if the conventional the flow-field: GFF, SFF, PFF were used nonsymmetrically for cathode and anode. .
EXPERIMENTAL
Membrane-electrode assemblies (MEAs) with active area 5.0 5.0cm 2 were fabricated in-house. The MEAs composed two gas diffusion electrodes and Nafion 117 as electrolyte. The catalyst ink (including the catalyst and 5% Nafion solution) was mixed uniformly and then sprayed on the gas diffusion layer to produce gas diffusion electrodes. The gas diffusion layer is carbon paper (TGPH-090) with 25wt% wet proofed (E-TEK). After the ink is dry, the gas diffusion electrodes (cathode and anode) were obtained. The catalyst loading on the anode side was 4mg Pt-Ru/ cm 2 (40wt.% Pt-Ru Pt:Ru=1:1, A/O on Vulcan XC-72R, E-TEK), while the catalyst loading on the cathode side was 2 mg Pt/cm 2 (40wt. %Pt on Vulcan XC-72R, E-TEK). The active area for both anode and cathode are 25cm 2 . The Nafion 117 were sandwiched between the cathode and anode and hot pressed at 135 and 100kg/cm 2 for 2 minutes to get the membrane electrode assemblies.
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Figure1. Investigated flow-fields for DMFC (a) parallel, (b) serpentine, and (c) Grid
Six flow-field plates with three different flow-fields were milled into the graphite composite material SIGRACET ® BPP5 from SGL Technologies GmbH (SGL). The three different flow-field designs including GFF, SFF and PFF are presented in Fig. 1 . The flow-field plates were 6.5 mm thick, 100.0 mm wide and 100.0 mm long. All gas channels were 2.0 mm deep. The widths of the ribs were mostly 2.0 mm. The active area defined by the gasket was 25.0 cm 2 . To avoid corrosion, the current collectors were made of Cu plates and coated with Au film. As shown in Fig. 2 , the single cell in this study includes one MEA, two flow field plates, two rubber gaskets, and two current collectors. In addition, a tape heater was attached to the extension area to control the cell operating temperature to a desired value during the experiments.
The test system was designed by ElectroChem, Inc., which consists of one instrument system (SA890B) and one CompuCell GTR system (FCT 2000). The instrument system (SA890B) was made by Scribners Associates Inc. The Scribners Associates' SA890B series including electronic loads is computer controlled. This control system consists of a bank of semiconductor devices conducting a large amount of current, equal to or greater than the fuel cell output. Before the performance test, a nitrogen (N 2 ) tank was opened using the control system to purge the impurities within the flow piping and the cell. Reactant flow rates were 5 and 150 ml /min for the methanol solution and pure oxygen, respectively. Methanol was mixed with water, and the solution was pumped into the cell by a micropump (Micropump Inc., Vancouver, WA) while the O 2 flow rates were preset using the flow controller within the CompuCell GT ® system made by MKS Instruments Inc. The methanol crossover current density is measured using an electrochemical oxidation technique. Figure 3 shows the polarization and power density curves of the investigated symmetrical anode and cathode flow-fields at 70 . As shown in Fig. 3 , the best DMFC performance can be obtained when the serpentine flow-fields were used for both anode and cathode while the DMFC with parallel flow-fields show the worst one. By virtue of the pressure-driven mass flow in the channels, the removal of this water and CO 2 is eased by a serpentine structure. In addition, the deletion of the water and CO 2 result in the replacement of fresh oxygen and methanol solution. The dual effects of product removal and reactants inlet lead to higher performance due to sluggish mass transportation limitations. In the parallel designs, methanol and carbon dioxide in anode, as well as oxygen and water in cathode can flow in one or more of the many channels. This causes areas with no reactant flow, some of the flow channels of parallel designs are by passed and the total active area is reduced. In the case of grid flow-fields, the product water and CO 2 can also inhibit the transport of reactant to the active layer. However, the existence of product water and CO 2 present a minimal effect and the effect on the mass transportation can be largely reduced.
Effect of the flow fields design
By comparing the stability of the flow field designs, the cells with different flow field designs were operated at constant current (4A/160mA/cm 2 ) for two hours. As shown in figure 4, the DMFC with both serpentine designs presents the best performance, while the grid design has the best stability. DMFC performance with the parallel designs presents the worse stability and was sharply decreased in several minutes. The worse stability is due to ineffective removal of carbon dioxides at anode and water at cathode and result in the mass transport limitations as has been proved in Fig. 3 . However, the species phase includes the reactant and product in the anode and the cathode could be quite different. In the anode side the reactant is liquid form and product is the gas form, however in the cathode side is opposite. To determinate the real influences of the cell performance with the flow-field designs, different flow field combinations were choosed for further investigation. 
Contact resistance of different flow-field combinations
The influence of different flow-field combinations on the performance of the DMFC is investigated. Nevertheless, different flow field combination has different resistance due to non-equal contact area between electrode and flow-field plate; this will result in non-proper explanation of the influence of flow-field structure on the mass transfer and drainage of flow fields. Therefore, the priority of this section is to obtain the contact resistance of the different flow-field combinations. As shown in Table1, different fabricating torque and combinations result in different contact resistance. It is obvious that increasing the fabricating torque gradually lower the contact resistance for all combinations. To prevent over-compression of the gas diffusion layer to further influence the mass transport of reactants and products in addition to the flow-field plates, the fabricating torque of the cell was maintained at 20 kgf-cm as constant for every combination. Among all combinations, the biggest difference of different combinations at 20 kgf-cm torque is 0.0328 m /cm 2 , the influence of power of cell is only 0.5248 mW/cm 2 under a constant load of 160mA/cm 2 . Therefore, the effect of contact resistance due to different flowfield combinations on the cell performance can be neglected. 
Effect of the flow-field combination
To know the influence of flow field designs on the cell performance accurately, the cell with different flow-field designs combination was tested. The investigations focus on cell performance at constant voltage. Table 2 shows the comparison of current densities at operational voltages of 300 and 100mV. With the combination of parallel design on anode and serpentine design on cathode, current densities of 210 mA/cm 2 at 300 mV and 374 mA/cm 2 at 100 mV operational voltage. However, with the combination of grid design on anode and parallel design on cathode, current densities of only 60 mA/cm 2 at 300 mV and 130 mA/cm 2 at 100 mV operational voltage. This difference is as a result of different properties of flow-field designs according to transport of reactants and products enter to and exit from the active area of the cell. The follow sections discuss with the effect of the methanol/water and oxygen flow on the cell performance and stability. 
Effect of cathode flow-field design
The cathode flow-field design affect the oxygen mass transfer and the drainage, if the water generated is not removed from the cathode at a sufficient rate, flooding may result and transport of reactants is hindered [16] . Ren et al. [17] and Mench et al. [18] also mention the cathode flooding can, to great extent, determine overall the DMFC performance. It has been previously mentioned that the properties of reactants and products are different in anode and cathode in DMFC. Different flow-field combinations on DMFC performance were investigated to determine the effect of flow field on anode and cathode. Figure 5 shows two-hour continual operation under constant loading of current at 160mA/cm 2 of nine flow field combinations on DMFC. After 10 minutes of data recording, the performance of DMFC with parallel flow field design (combinations 2, 5 and 8 from Table 2 ) in cathode decrease rapidly. One reason for this loss of power can be an unsteady water balance in the cathode flow-field. It was because the cathode liquid water cannot be removed effectively by parallel flow-field design. This is agrees well with the report of Tüber et al. [19] . As described in [20, 21] , the water can accumulate in the flow-field and result in totally clogged channel. As shown in Fig. 5 , the performance trends were divided into three sections by different cathode flow-field structures. The serpentine flow field design has better mass transfer and can exclude water effectively due to higher pressure drop [19] , thus cathode with serpentine flow-field perform well and has better stable performance. Therefore, it can be concluded that the performance and stability of DMFC is primarily depended on flow-field design used for the cathode. 
Effect of the anode flow-field design
In previous section, it was concluded that the primary influence on the cell performance and stability is depend flowfield designs for cathode. However, the influence of flow-field design on anode also plays an important role on cell performance and stability. In the anode side, carbon dioxide is produced as a result of methanol electrochemical oxidation and removed from the gas diffusion layer by the anode flow. If carbon dioxide gas bubbles cannot be removed efficiently from the surface of backing layer, the channels will clogged, leading to mass transport limitation of methanol [22] . As shown in Fig.  6 , it was also shown that the mass transfer of methanol of anode active layer was reduced by the gas evolution. The anode with serpentine flow field design shows worse performance due to the long flow path, thus carbon dioxide cannot be rapidly removed. It can be seen from Fig. 5 that with serpentine flow field design on cathode and constant loading current two hours, the voltage is 367 mV at the fifth minute and 320 mV at 120 th minute with serpentine flow field design on anode. However the voltage is 379 and 349 mV at fifth minute, 361 and 321 mV at 120 th minute with parallel and grid flow field design on anode. The decreasing tendency with serpentine flow field design on anode is more obvious than other flow-field designs on anode. In this investigation, the parallel flow-field design can remove carbon dioxides more effectively. 
CONCLUSION
The effect of flow field design on the performance DMFC has been investigated. The same flow-field designs were commonly used for both anode and cathode side on DMFC symmetrically. However due to the anode and the cathode sides have different properties of reactants and products; different flow-field design combinations were tested and compared to determine the real effect on the performance of DMFC. In the cathode side, the serpentine flow field design has well mass transfer and can exclude water due to higher pressure-drop, so cathode with serpentine flow-field performs better and has more stable performance. In the anode side, carbon dioxide is removed from the gas diffusion layer by the anode flow. If carbon dioxide bubbles cannot be removed efficiently from the surface of backing layer, the channels will clogged, leading to limited mass transport of methanol. Due to the long flow path, carbon dioxides cannot be removed rapidly for serpentine flowfield design, so the performance decrease tendency is more evidently than other flow-field designs. In overall appraisal, the DMFCs perform best and have the highest stability with the parallel design on anode and serpentine design on cathode.
